An extracellular elastinolytic metalloproteinase, purified from Aspergillus fumigatus isolated from an aspergillosis patient/and an internal peptide derived from it were subjected to N-terminal sequencing. Oligonucleotide primers based on these sequences were used to PCR amplify a segment of the metalloproteinase cDNA, which was used as a probe to isolate the cDNA and gene for this enzyme. The gene sequence matched exactly with the cDNA sequence except for the four introns that interrupted the open reading frame. According to the deduced amino acid sequence, the metalloproteinase has a signal sequence and 227 additional amino acids preceding the sequence for the mature protein of 389 amino acids with a calculated molecular mass of 42 kDa, which is close to the size of the purified mature fungal proteinase. This sequence contains segments that matched both the N terminus of the mature protein and the internal peptide. A. fumigatus metalloproteinase contains some of the conserved zinc-binding and active-site motifs characteristic of metalloproteinases but shows no overall homology with known metalloproteinases. The cDNA of the mature protein when introduced into Escherichia coli directed the expression of a protein with a size, N-terminal sequence, and immunological cross-reactivity identical to those of the native fungal enzyme. Although the enzyme in the inclusion bodies could not be renatured, expression at 30°C yielded soluble enzyme that showed chromatographic behavior identical to that of the native fungal enzyme and catalyzed hydrolysis of elastin. The metalloproteinase gene described here was not found in AspergiUlusflavus.
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Fungal infection is a leading cause of death of immunocompromised patients such as bone marrow transplant patients (11, 14, 32) . Among these fungal infections, invasive aspergillosis is a particularly serious problem because of the difficulty in early diagnosis and treatment (4, 11) . Even with the best available antifungal agents, high mortality in the range of 50 to 90% is common. Therapeutic approaches targeted against the major virulence factors would be a highly desirable alternative to prevent and treat aspergillosis.
Since the use of extracellular enzymes to degrade the structural barriers in the host appears to be a commonly used strategy of fungal pathogens (20) (21) (22) , such enzymes involved in aspergillosis could be possible targets for therapy against aspergillosis. Since the major natural mode of entry ofAspergillus spp. into the host is via inhalation, the barriers in the lung would be the first targets for the fungal extracellular enzymes. Attention has been focused on extracellular proteinases because of the proteinaceous nature of the barriers in the lung. Since elastin constitutes 30% of the lung (44) , elastinolytic enzymes are thought to play a significant role in the fungal invasion. Elastinolytic serine and metalloproteinases have been found in both Aspergillus Jfmigatus and Aspergillus flavus, two major causative agents of invasive aspergillosis (22, 23, 29, (35) (36) (37) 39) . Evidence has been presented that strongly suggests that the elastinolytic proteinases are significant virulence factors (22, 38) . However, A. fumigatus mutants in which the serine proteinase gene was disrupted were reported to retain their virulence (34, 47) . Conclusions from such approaches might not be valid if other proteinases compensate for the serine proteinase in the gene-disrupted mutant. In fact, a metalloproteinase was isolated from the serine proteinase gene-disrupted mutant (33) . Even though this metalloproteinase was reported to be incapable of hydrolyzing elastin, an elastinolytic metalloproteinase was recently purified from A. fumigatus (29) . In this paper we describe the cloning and sequence of the cDNA and the gene for this elastinolytic metalloproteinase and the expression of the mature proteinase in Escherichia coli. This proteinase contains certain motifs characteristic of metalloproteinases but does not have much homology to the known metalloproteinases.
MATERIALS AND METHODS
Strains, plasmids, and culture conditions. A. fumigatus isolate 13 (22) was used for all experiments. For DNA isolation, 5 x 107 conidia were used to inoculate 100 ml of elastin-containing liquid medium in Roux bottles. For RNA isolation, elastin was replaced by insoluble polymeric material from bovine lung prepared as described previously (22) . E. coli DH5at (Bethesda Research Laboratories, Gaithersburg, Md.) was used as the host for recombinant plasmids, and cells were grown at 37°C in Luria broth medium (40) . E. coli Y1090r-was used as the host for bacteriophage Agtll. pUC plasmids were used to subclone various DNA fragments and also to prepare double-stranded DNA for sequencing.
DNA preparation and analysis. Genomic DNA from A. fumigatus was isolated as described by Kamper et al. (19) . Plasmid DNA was extracted from E. coli DH5a cells by the alkaline lysis method (6) . Construction of recombinant plasmids was done by standard techniques (40) . Restriction enzymes and T4 DNA ligase were generally obtained from Bethesda Research Laboratories and used with buffers pro-vided by the supplier under the recommended conditions. Agarose gel electrophoresis of digested recombinant bacteriophage Xgtll or plasmid DNAs and Southern and Northern (RNA) blotting were performed according to standard protocols (40) .
Amino acid sequence of a CNBr digestion product of the metalloproteinase. About 100 ,ug of the protein preparation obtained from the bacitracin-Sepharose chromatography step was subjected to sodium dodecyl sulfate-13% polyacrylamide gel electrophoresis (SDS-13% PAGE), and the band corresponding to the 43-kDa metalloproteinase was cut out and treated in a solution of 50 mg of CNBr per ml in 70% formic acid (42) . The mixture was then lyophilized, suspended in SDS-PAGE buffer, and subjected to SDS-16% PAGE. After electrophoresis, the peptides were electroblotted on ProBlott membranes (Applied Biosystems), stained with Coomassie blue, destained, rinsed with water, and air dried (9) . A membrane segment representing an internal peptide was cut out, and the peptide was sequenced in an Applied Biosystems sequencer.
PCR amplification of a segment of the metalloproteinase cDNA. The double-stranded cDNA preparation described below was used as a template to amplify a DNA fragment encoding a portion of the metalloproteinase cDNA; the primers used were two synthetic degenerate oligonucleotides based on the previously determined N-terminal amino acid sequence of the metalloproteinase (ADYQVYAWGINDP) (29) 17-mer with 96-fold degeneracy. PCR was carried out in a total volume of 50 ,ul containing 100 ng of cDNA as the template, 25 pmol of each oligonucleotide primer, 10 nmol of each deoxynucleoside triphosphate, 10 mM Tris-HCl (pH 9.0), 5 mM KCl, 1.5 mM MgSO4, 0.1% Triton X-100, and 2 U of Taq polymerase (Promega, Madison, Wis.). The amplification protocol consisted of a denaturation at 94°C for 5 min followed by 35 cycles of the following steps: denaturation at 94°C for 1 min, annealing at 55°C for 2 min, and extension at 72°C for 3 min. A final elongation was done at 72°C for 10 min. The resulting 900-bp product was subcloned by using the pCRII cloning kit (Invitrogen, San Diego, Calif.) and sequenced by the chain termination method (41) .
Construction and screening of the cDNA library. Poly(A)+ RNA was isolated from 5-day-old cultures of A. fumigatus isolate 13 grown on a medium containing insoluble polymeric material from bovine lung (22) , using the Fast Track mRNA Isolation System (Invitrogen). Double-stranded cDNA was synthesized from 2 ,ug of poly(A)+ RNA by using the RiboClone cDNA Synthesis System (Promega). After (40) and 50% formamide, using as a probe the PCR-amplified cDNA fragment described below, which was labeled to a specific activity of >108 cpm/,ug) with [a-32P]dATP by the random primer labeling procedure (15 4) , and centrifuged at 40,000 x g for 30 min. The supernatant was assayed for metalloproteinase activity with Abz-Ala-Ala-Phe-Phe-pNa (Abz, 2-aminobenzoyl; pNA, p-nitroanilide) as a substrate as described before (29) . fumigatus metalloproteinase cDNA, using primers synthesized on the basis of the amino acid sequences of the mature protein and an internal peptide derived from it. Lanes: 1, molecular size markers; 2, total PCR product. Methods are described in the text. 53). To confirm that the observed elastinolytic activity was due to the metalloproteinase, the enzyme preparation was incubated with 10 mM o-phenanthroline for 15 min at room temperature, and then the mixture was assayed for residual elastinolytic activity with insoluble [3H]elastin.
Western blot (immunoblot) analysis. Proteins separated by SDS-PAGE were electroblotted onto Nytran membranes and detected with 125I-protein A and rabbit antiserum prepared against the metalloproteinase.
Nucleotide sequence accession number. The accession number for the gene sequence described here is L29566.
RESULTS
PCR synthesis of a probe for metalloproteinase. The Nterminal sequence of a 5-kDa internal peptide obtained by CNBr digestion of the metalloproteinase was determined. On the bases of a portion of this amino acid sequence and the previously described sequence for the N terminus of the mature metalloproteinase (29) , two primers were synthesized and used to PCR amplify a cDNA segment encoding the amino-terminal region of the mature enzyme, with A. fumigatus cDNA as the template. Electrophoresis of the PCR products revealed a single product at about 900 bp (Fig. 1 ). This product was subcloned into the pCRII vector, and four randomly selected clones were sequenced; all of them yielded identical sequences. The deduced amino acid sequence of this cDNA fragment was in complete agreement with the amino acid sequences determined by protein sequencing of both the amino terminus of the mature native protein and the internal CNBr cleavage product. Thus, this PCR product represents a segment of the authentic metalloproteinase cDNA. This PCR fragment therefore was used as the probe for screening the cDNA and genomic libraries.
Cloning of the cDNA and the gene encoding the metallopro- Northern blot analysis was used to determine the size of the metalloproteinase transcript. When total RNA extracted from 5-day-old A. fumigatus cultures synthesizing the enzyme in a medium containing insoluble lung material was hybridized to the cDNA of the metalloproteinase, one major band corresponding to a transcript of about 2,400 bp was detected (Fig.  2) . Thus, the cloned cDNA represents nearly the full length of the transcript.
A genomic library ofA. fiumigatus was constructed in XGEM 12 and screened with the PCR product described above. Screening of 5 x 104 colonies yielded two positive clones designated XGMP1 and XGMP2. Restriction analysis of the isolated phage DNAs revealed that XGMP1 and XGMP2 carried two common, barely resolvable EcoRI fragments at around bp 1300 (Fig. 3A) . Both (Fig. 4 , dashed double underline). This result suggests that the metalloproteinase is first translated as a precursor form consisting of 634 amino acids. At the N-terminal region a series of uncharged amino acid residues with a high content of hydrophobic amino acids, preceded by a positively charged residue (Arg-2), was found. This sequence is followed by a rather long stretch, distinguished by high hydrophobicity, containing 227 amino acids before the N terminus of the mature proteinase. If there is no additional processing, the mature enzyme would be composed of 389 amino acids with a calculated molecular mass of 42,106, which is in good agreement with the size of the protein observed on SDS gels. A TATA box and a CAAT motif were found in the 5'-untranslated region (boldface underline in Fig.  4 (Fig. 4) . BamHI has one cleavage site within the gene and showed two major hybridization bands. EcoRV and XhoI, which have two and three cleavage sites, respectively, within the gene sequence, yielded fragments of the predicted sizes (Fig. 3B) .
Since the present metalloproteinase appeared to be a zincdependent metalloproteinase (29) , the deduced amino acid sequence was compared with those of the well-characterized metalloproteinases (Fig. 5) . The consensus pentapeptide motif found in all known metalloproteinases (18) is also present in the ORF for theA. fumigatus metalloproteinase, from residues 429 to 433.
Expression of the metalloproteinase in E. coli. To further test whether the cloned sequence truly represents the A.
fumigatus metalloproteinase, the ORF corresponding to the mature enzyme was introduced into pET21a, and its expression in E. coli transformants was induced with IPTG. Induction at 37°C for various periods of time followed by SDS-PAGE of the total protein revealed a major IPTG-induced band at 43 kDa (Fig. 6A) . However, the soluble supernatant from the lysate of the induced cells prepared by sonication showed only extremely low levels of metalloproteinase activity. Since the expressed protein might have been present in the inclusion bodies that sedimented with the cell debris, the pellet was solubilized with SDS and subjected to SDS-PAGE. The 43-kDa protein was found to be the most dominant Coomassie blue-staining band (Fig. 6B) . Amino acid sequence determination of this protein showed that the N-terminal residues (the five tested) were identical to those in the native mature protein isolated from A. fumigatus. That this 43-kDa band represented the A. fumigatus metalloproteinase was further shown by the observation that this band from the IPTG-induced cells showed strong immunological cross-reactivity with rabbit antiserum prepared against the A. fumigatus metalloproteinase, whereas no such immunologically cross-reacting band was found with the noninduced cell lysates (Fig. 6C ).
Although the above-described results strongly suggested that the product of the cloned gene was the metalloproteinase, the inclusion body formation prevented demonstration of the enzymatic activity. Solubilization of the recombinant metalloproteinase with 8 M urea and stepwise dialysis against 4, 2, and 1 M urea failed to yield active proteinase. Passage of the solubilized preparation through a heparin-Sepharose column followed by elution with NaCl yielded a 43-kDa-proteincontaining preparation, but no metalloproteinase activity could be detected. Therefore, induction was done at lower temperatures in an attempt to increase the possibility of obtaining a soluble enzymatically active form of the metalloproteinase.
Induction at 30°C yielded a supernatant that showed metalloproteinase activity, although the major part of the proteinase was still in inclusion bodies. The soluble supematant from the induced cultures catalyzed hydrolysis of the fluorigenic substrate Abz-Ala-Ala-Phe-Phe-pNa, in a time (Fig. 7A )-and protein concentration (Fig. 7B) 
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2495 GGG GCG AAG TAT AGC TCA AGG AAC CGG GTG GGA AGT ACT GAG GTC CCC AGT GGT GTC TGT 2554 pET21a alone did not show measurable metalloproteinase The recombinant metalloproteinase was eluted from the Mono activity. To confirm that this enzymatic activity represented the Q column at 0.32 M NaCl, as was the native fungal enzyme. All elastinolytic metalloproteinase, [3H]elastin was used as the of these results show that we have cloned and expressed the substrate, and protein-dependent hydrolysis of elastin was elastinolytic metalloproteinase of A. fumigatus. observed (Fig. 7C) . That this elastinolysis was catalyzed by a metalloproteinase was shown by complete inhibition of this DISCUSSION hydrolysis by o-phenanthroline.
To further test whether the recombinant proteinase was the The cloned cDNA and gene described in this paper represame as the native fungal enzyme, the soluble supernatant sent the authentic elastinolytic metalloproteinase previously from the E. coli culture induced with IPTG at 30°C was characterized from the culture filtrate ofA. fumigatus (29) . The subjected to Sephadex G-75 gel filtration and Mono Q ionnucleotide sequence of the cDNA matched the sequence of the exchange chromatography. The retention volume of the recloned gene exactly except for the interruptions of the ORF by combinant metalloproteinase peak on the gel filtration column the introns. Southern blot analysis of the proteinase genomic was the same as that for the native metalloproteinase (Fig. 8) .
phage clone and the genomic DNA isolated from A. fuimigatus revealed identical fragments, showing that the genomic clone had not undergone rearrangements. The ORF showed that the primary translation product of the mRNA would be a protein consisting of 634 amino acids. The amino-terminal region of this protein has characteristics of a signal sequence. This area is the most hydrophobic region of the protein, as can be seen by the hydropathy profile (26) . Further, Pro-13 represents the helix-breaking residue observed six amino acids before the putative cleavage site, as is frequently found in the signal sequences (52) . If the method of von Heijne (51) (5, 7, 25, 45, 50) . These long propeptides may assist in the proper folding of the protease and keep the mature enzyme in the inactive form, as observed in some other proteinases (1, 10, 28, 43) . The resulting processed mature metalloproteinase would have 389 amino acids with a molecular mass of 42,106 Da, which is close to the 43-kDa size of the native fungal enzyme determined by SDS-PAGE (29) . The deduced amino acid sequence of the segment that should constitute the mature protein contained a segment that matched the N-terminal amino acid sequence of the mature protein and a segment that matched the sequence of an internal peptide obtained from the mature protein purified from A. fumigatus. Certain consensus motifs characteristic of metalloproteinases were also found in the sequence, as indicated below. All of these results strongly suggested that the cloned DNA represents authentic metalloproteinase.
When the mature metalloproteinase was expressed in E. coli, enzymatic activity could not be restored from the inclusion bodies that were formed under conditions that promoted a high level of expression. However, the size of the recombinant protein, its immunological cross-reactivity against rabbit antiserum prepared against the metalloproteinase purified fromA. fumigatus, the N-terminal amino acid sequence of the recombinant protein, and the elastinolytic activity of the soluble supernatants from cells induced at 30°C showed that the expressed protein was the elastinolytic metalloproteinase. Even though the bulk of the recombinant proteins produced under this condition also remained in inclusion bodies, the size and ion-exchange properties of the small amount of the soluble recombinant protein matched those of the native mature fungal enzyme. This recombinant enzyme was found to be a metalloproteinase by its inhibition by o-phenanthroline, and it catalyzed hydrolysis of not only the model substrate but also [3H]elastin.
Although the amino acid sequence of the present metalloproteinase did not show significant homology to those of other Protein concentration (mg/ml) proteins in the data banks, certain structural motifs characteristic of metalloproteinases could be recognized (16, 18 the thermolysin family, the astacin family, the serratia family, the matrixin family, and the snake venom family. Each family has its own identity, and they can be related to one another on the basis of the sequences surrounding the zinc-binding site. On the basis of the two first zinc ligands, metalloproteinases can be divided into two major classes, the first containing the HEXXH motif and the second containing HXXEH. The present A. fumigatus metalloproteinase contains the HEXXH motif. On the basis of the third zinc ligand, the HEXXH class can be further divided into two groups, which contain either a glutamic acid or a histidine as a third zinc ligand. The present metalloproteinase contains two remote glutamic acids; one (E-453) is located 25 amino acids from the first histidine, toward the C terminus, with the same spacing as in the thermolysin family, and the second (E-459) is located six amino acids further toward the C terminus of the protein. This second glutamic acid is found within a region of GGMGEGWSD, which is similar to the second consensus motif (GAX NEAFSD) within which the third ligand characteristic of the metalloproteinases of the thermolysin family is located. Although the two conserved motif regions have not exactly the same spacing and the second contains only four of the five strictly conserved residues characteristic of the thermolysin family, the E-459 seems to be a better candidate to be the predicted third zinc ligand on the basis of the similarity of amino acids around this residue. The fact that this Glu is 31 residues away from the HEXXH motif, whereas it is 25 residues away in bacterial enzymes (16) , probably suggests that exact spacing is not essential for function. In fact, in a mammalian neutral metalloproteinase (neprilysin), classified as being in the thermolysin family, the corresponding functional Glu was found 59 residues away (18) . The present metalloproteinase from A. fumigatus is quite different from the previously described metalloproteinases from A. flavus and Aspergillus oryzae. The mature enzyme from A. fumigatus (29) is almost twice as large as those from A. flavus (39) and A. oryzae (48) . The two proteins are not immunologically cross-reactive with each other. The A. fumigatus metalloproteinase gene shows little homology to the metalloproteinase gene from A. oryzae (48) , whereas it was reported from hybridization evidence that the gene from A.
flavus is homologous to that ofA. oryzae (13) . Southern blots of A. flavus genomic DNA with the present A. fumigatus metalloproteinase cDNA showed no hybridization. Thus, it appears that A. fumigatus and A. flavus, the two major causative agents of aspergillosis, have acquired metalloproteinases from two different ancestral sources. On the other hand, both have highly homologous elastinolytic serine proteinases (17, 22, 36 
